Methionine adenosyltransferase II (MAT II)
Introduction
Methionine adenosyltransferase (MAT) is a key enzyme in cellular metabolism. It is the only enzyme that catalyzes the transfer of the adenosyl moiety from ATP to L-methionine, giving rise to S-adenosylmethionine (Adomet, SAM, hereafter referred to as SAMe) [1] . SAMe plays a critical role in cellular metabolism by functioning as the major methyl donor via methyltransferases to various biomolecules that are essential for normal functioning of the cell, such as DNA, RNA, phospholipids, lipids, proteins, etc. [2, 3] . Apart from being the principal methyl donor, SAMe also acts as the sole source of the propylamine moiety required for polyamine synthesis, which is vital for cellular growth and differentiation, and also serves as an obligatory intermediate in the transsulfuration pathway by producing homocysteine (Hcy), which is required for glutathione (GSH) synthesis [2, 3] .
In mammals, MAT is encoded by different genes, MAT 1 and MAT 2A/2B [4] . MAT 1 encodes for the a1 catalytic subunit, which either forms a tetramer, leading to the synthesis of the MAT I isozyme, or forms a dimer, leading to the formation of the MAT III isozyme [4] . and MAT 2B (catalytically inactive regulatory subunit b) form a hetero-oligomer (a2a2'b) to generate the MAT II isozyme [4] [5] [6] [7] [8] . MAT is found in almost all cells; the MAT isozymes are highly conserved throughout all species and vary mainly in their structure, kinetic properties and tissue distribution [4, 8] . MAT I and MAT III are mainly expressed in the liver and are referred to as the hepatic MAT isozymes. MAT II, on the other hand, is the non-hepatic MAT and has a broader tissue distribution that includes the brain, kidney, lens, erythrocytes, fetal liver and human lymphocytes [4, 8] . In relation to the non-hepatic MAT II isozyme, it has been shown that in resting lymphocytes, the MAT 2A gene initially encodes for a less active precursor subunit l, which is further processed to the catalytically active a2/a2' subunits upon T cell activation and proliferation [9] . Accordingly, MAT II activity is constitutively expressed in stimulated, actively dividing T cells as well as T leukemic cells [9] [10] [11] . This work was aimed at examining the role of MAT II and SAMe biosynthesis in the survival of T leukemic cells. MAT II activity was inhibited using cycloleucine (1-aminocyclopentane-1-carboxylic acid), a cyclic analogue of methionine, which acts as a specific inhibitor of MAT [12, 13] . Our results show that inhibition of MAT II by cycloleucine and subsequent loss of intracellular SAMe pools induces Fas-mediated apoptotic cell death in leukemic T cells. MAT II inhibition results in the induction of FasL gene expression, a decrease in c-FLIPS levels and a corresponding increase in caspase-8 activity, leading to Fas-mediated apoptotic cell death. Our data indicate that MAT II and SAMe biosynthesis play a key role in the survival of leukemic T cells and identifies this pathway as a novel target for cancer therapy of T lymphocytic leukemia.
Results
Jurkat and MOLT-4 T leukemic cell lines were used to examine the effect of MAT II inhibition on the survival of T leukemic cells. Cycloleucine is an amino acid analogue of methionine and it functions as a selective inhibitor of MAT.
Effect of cycloleucine on MAT II activity and intracellular SAMe levels
To determine the effect of MAT II inhibition, Jurkat T leukemic cells were treated with increasing concentrations of the selective MAT inhibitor, cycloleucine (10, 20, 40 , 60 and 80 mM), for a period of 18 h. Cellular MAT II activity was measured by monitoring the amount of SAMe formed by HPLC. As expected, cycloleucine blocked MAT II activity in a dose-dependent manner, As MAT is the critical enzyme that catalyzes the conversion of methionine into SAMe, the effect of inhibition of MAT II activity on intracellular SAMe levels was further evaluated. Intracellular concentrations of SAMe were measured by HPLC in deproteinized cell extracts prepared from cycloleucine-treated cells. Treatment of cells with cycloleucine resulted in a dose-dependent decrease in intracellular SAMe levels ( Figure 1B ), which corresponded with the inhibition of MAT II activity seen in Figure 1A . An approximate decrease of 50% in intracellular SAMe levels was seen at 20 mM cycloleucine.
Effect of MAT II inhibition on cell viability and apoptotic cell death
Since MAT II is critical for T cell proliferation and activation, the effect of MAT II inhibition on viability of Jurkat T leukemic cells was examined by the lactate dehydrogenase (LDH) assay and by Trypan Blue dye exclusion. MAT II inhibition by cycloleucine led to a dosedependent increase in cell death as determined by the LDH assay ( Figure 2A ) and a decrease in cell viability as documented by the Trypan Blue dye exclusion assay ( Figure 2B ) after 18-24 h as compared to untreated cells. A > 50% loss of survival was observed at a concentration of 40 mM cycloleucine. To determine whether the observed cell death caused by inhibition of MAT II activity occurred by induction of apoptosis, DNA fragmentation was evaluated quantitatively by cell death ELISA in MAT II-inhibited cells. Cycloleucine induced a dose-dependent increase in apoptotic cell death as a result of MAT II inhibition ( Figure 2C ). Similar to Jurkat T leukemic cells, inhibition of MAT II activity by cycloleucine also induced apoptotic cell death in a different T leukemic cell line (MOLT-4) ( Figure 2C ). These data strongly indicate that inhibition of MAT II activity may decrease the survival of T leukemic cells by inducing apoptotic cell death.
Effect of MAT II inhibition on FasL expression
As FasL is known to play a major role in the induction of apoptosis in T lymphocytes [14] , we examined the effect of MAT II inhibition on FasL expression. FasL protein expression was analyzed by immunoblotting. As shown in Figure 3A , inhibition of MAT II activity led to a dose-dependent increase in FasL protein levels. Importantly, the level of FasL expression induced in response to decreased MAT II activity was observed to be comparable to that induced by the T cell mitogen, phytohemaglutinin (PHA), which is known to induce FasL and cause activation-induced apoptotic death in T cells.
Further, to determine whether the up-regulation of FasL in response to MAT II inhibition was at the transcription level, we analyzed FasL mRNA expression by real-time PCR as well as reverse transcriptase polymerase chain reaction (RT-PCR). The data showed that in correlation with the up-regulation of FasL protein, FasL mRNA expression increased in a dose-dependent manner upon treatment with cycloleucine ( Figure 3B and 3C) .
In order to test the functional relevance of FasL expression in MAT II inhibition-induced cell death, we examined whether blocking Fas/FasL interaction would protect Jurkat T leukemic cells. We used the anti-FasL IgG antibody (NOK-2), which recognizes and neutralizes both membrane-bound as well as soluble forms of human FasL and thus interferes with Fas/FasL interactions and inhibits Fas signaling. Cells were incubated with NOK-2 antibody after 1 h of cycloleucine treatment and apoptotic cell death was monitored by quantifying DNA fragmentation. NOK-2 antibody significantly attenuated DNA fragmentation (Figure 4 ), whereas treatment with the IgG2a isotype specific antibody (IgG) (negative control) did not protect the cells from apoptosis ( Figure 4 ). These data indicate a direct and specific association between MAT II inhibition and FasL-dependent apoptotic cell death. 
Effect of MAT II inhibition on FADD(Fas-associated Death Domain) recruitment, caspase-8 activation and c-FLIPS expression
To further elucidate the effect of MAT II inhibition, components of the Fas/FasL apoptotic pathway were examined in MAT II-inhibited Jurkat T leukemic cells. Ligation of FasR (Fas receptor) with FasL induces the formation of DISC (Death Inducing Signaling Complex), which involves the recruitment of a pro-apoptotic adapter protein, FADD to the FasR [15] [16] [17] . This binding further signals the recruitment and subsequent activation of caspase-8 (FLICE). Initially, the recruitment of FADD to FasR was examined by using a Fas antibody to immunoprecipitate the DISC from the lysates (normalized for proteins) of MAT II-inhibited cells. The immunoprecipitates were then resolved on a 10% SDS gel and examined by immunoblot analysis using antibodies against FADD and FasR. An increase in FADD recruitment was observed in the MAT II-inhibited Jurkat T leukemic cells as compared with the control cells. The amount of FADD recruitment was greater than or equal to the amount of FADD recruitment seen in cells treated with PHA (5 mg/ml), a known positive control ( Figure 5A ). Our data indicate that MAT II inhibition leads to increased FADD recruitment to the FasR without affecting FasR expression.
FADD mediates the recruitment and activation of the initiator caspase, caspase-8. Hence, the effect of MAT II inhibition on procaspase-8 activation was examined. MAT II inhibition led to an increase in the activation/ cleavage of procaspase-8 (56 kDa) and generation of cleaved fragments (p42-44 and p28 kDa) ( Figure 5B Figure 5C ). Importantly, a caspase-8-specific inhibitor abrogated the apoptotic cell death induced by MAT II inhibition in these cells ( Figure 5D ). To further validate the role of caspase-8 in apoptosis caused by MAT II inhibition, caspase-8 mutant Jurkat T cells (I 9.2) were treated with cycloleucine and DNA fragmentation was quantified to assess apoptosis. Caspase-8-deficient I 9.2 cells were significantly resistant to apoptosis compared with wild-type Jurkat T cells ( Figure 5E ).
It is known that both long and short variants of c-FLIP (FLICE-inhibitory protein) are inhibitors of death npg receptor-mediated apoptosis [18, 19] . As, in lymphocytes, the c-FLIPS isoform is anti-apoptotic and inhibits Fas-mediated apoptosis by acting as a dominant-negative inhibitor of caspase-8 [20] [21] [22] [23] , we examined the levels of c-FLIPS in MAT II-inhibited T cells. Cycloleucine treatment led to a substantial decrease in c-FLIPS levels in a dose-dependent manner ( Figure 5B ).
These data strongly suggest that inhibition of MAT II activity leads to the up-regulation of FasL expression followed by a down-regulation of c-FLIPS levels and concomitant activation of caspase-8, leading to caspase-8-dependent apoptotic cell death in T leukemic cells.
Effect of MAT II inhibition on Bid truncation, mitochondrial transmembrane potential (ΔΨm) and caspase-3 maturation
In type II cells, like the Jurkat T leukemic cells, Fasmediated caspase-8 activation can initiate the mitochondrial apoptotic pathway by cleaving Bid, a pro-apoptotic member of the Bcl-2 family. Upon activation, the truncated Bid (t-Bid) translocates to the mitochondrial membrane and causes a decrease in the mitochondrial transmembrane potential (ΔΨm), initiating mitochondrial apoptotic signaling and leading ultimately to the activation of the effector caspases (e.g. caspase-3) [23, 24] . Hence, to evaluate the involvement of the mitochondrial pathway in Fas-mediated apoptotic death in MAT IIinhibited cells, Bid cleavage, decrease in ΔΨm and maturation of caspase-3 were examined.
In correspondence with caspase-8 activation, MAT II inhibition induced significant Bid cleavage as compared with the untreated cells, which was prevented by NOK-2 treatment ( Figure 6A ); in addition, caspase-8 mutant T cells (I 9.2) were resistant to Bid cleavage upon cycloleucine treatment ( Figure 6A ). Further, MAT II inhibition of Jurkat T cells resulted in a dose-dependent dissipation of mitochondrial ΔΨm as indicated by an increase in the percentage of cells showing green fluorescence from 3.03% in untreated cells to 11.62% in cells treated with 40 mM cycloleucine ( Figure 6B ). The effect of the above events on the activation of caspase-3 was further determined.
Immunoblot analysis showed that the 32-kDa procaspase-3 was cleaved in cycloleucine-treated cells and the amount of cleaved caspase-3 fragments correlated with MAT II inhibition ( Figure 7A ). Caspase-3 activity in MAT II-inhibited leukemic T cells was also quantified by fluorimetric analysis using a specific Ac-DEVD-AMC substrate. In agreement with the immunoblot analysis, caspase-3 activity was observed to increase substantially in Jurkat T leukemic cells undergoing apoptosis due to MAT II inhibition induced by cycloleucine ( Figure 7B ). Similar induction of caspase-3 activity caused by MAT II To further validate our observations that constitutively expressed MAT II plays a critical role in the survival of T leukemic cells and that its inhibition leads to the induction of FasL expression and apoptotic death, we used siRNA to silence the expression of MAT 2A, which encodes the catalytically active subunits of the MAT II isozyme.
A functional MAT 2A siRNA, which consistently gave a knockdown efficiency of 50-70%, was selected from three different 21-mer siRNAs designed based on the human MAT 2A mRNA sequence (GenBank Accession No. Figure 7B ). Furthermore, to evaluate whether apoptotic cell death induced by MAT II inhibition was caspase-3 dependent, the effect of the highly specific reversible inhibitor of caspase-3, DEVD-CHO (75 mM), was studied in Jurkat T leukemic cells. The data showed that caspase-3 inhibition effectively blocked apoptotic cell death, indicating that MAT II inhibition leads to caspase-3-dependent apoptotic cell death in T leukemic cells ( Figure 7C ).
Effect of MAT 2A knockdown on FasL expression and
npg NM_005911) and used in all the experiments. Cells electroporated with only Nucleofector (transfection reagent) served as an untreated no-siRNA control, and electroporation with non-targeting siRNA served as a negative control in all experiments. Jurkat cells were treated with 3 mg MAT 2A and non-targeting siRNA molecules for 72 h prior to mRNA and cell viability analyses. MAT 2A mRNA expression in Jurkat T cells was significantly inhibited (~50%) by the MAT 2A siRNA (Figure 8A) . Knockdown of MAT 2A led to a significant increase of FasL mRNA expression ( Figure 8B ). These findings indicate that similar to the inhibition of MAT II activity by cycloleucine, specific knockdown of MAT 2A expression leads to the induction of FasL expression and concomitant cell death in Jurkat T leukemic cells ( Figure 8C) . Moreover, these MAT 2A siRNA-treated cells showed a significant increase in DNA fragmentation indicative of apoptotic death ( Figure 8D ).
Discussion
Seminal studies by Kotb et al. [8] [9] [10] have shown that MAT II activity is differentially expressed in normal and leukemic T cells. Normal resting T lymphocytes have minimal MAT II activity, whereas activated proliferating T lymphocytes and transformed T leukemic cells show significantly enhanced MAT II activity [8] [9] [10] . Hence, we sought to examine the role of MAT II in the survival of leukemic T cells. Jurkat cells are continuously proliferating cells derived from human acute lymphoblastic leukemia, and they represent a relevant model to study the molecular mechanisms involved in T cell leukemias [26, 27] . Additionally, to eliminate the possibility of cell linespecific effects, the effect of MAT II inhibition was also examined in another leukemic T cell line, MOLT-4.
Studies have clearly shown that the Fas/FasL pathway is a key regulator of apoptotic T cell death and is also involved in drug-induced apoptosis of leukemic cells [28] . To investigate the significance of MAT II activity and SAMe biosynthesis in the survival of T leukemic cells, we examined the effect of MAT II inhibition on the Fas/ FasL pathway in Jurkat T leukemic cells. FasL expression plays a major role in the apoptotic cell death of mature T cells and T cell hybridomas [14, 29] . The crucial role of FasL in the regulation of T cell survival strongly indicates that its expression must be tightly regulated. We showed that MAT II inhibition led to an up-regulation of FasL expression (at both mRNA and protein levels) in these cells. Importantly, apoptotic cell death induced by MAT II inhibition was significantly attenuated by the Fas neutralizing antibody NOK-2, demonstrating the functional relevance of FasL in these cells. Although neutralization of FasL significantly protected Jurkat T cells from apoptotic cell death, the NOK-2 antibody could not completely abrogate DNA fragmentation, suggesting the possible involvement of both Fas-dependent and Fasindependent pathways.
Activation of Fas by FasL leads to its trimerization and subsequent recruitment of the adaptor molecule FADD and procaspase-8, forming the DISC [15] [16] [17] . DISC formation and the level of FLICE recruitment to the DISC are known to regulate the Fas-DISC-associated apoptotic cell death in T cells [30] . Our data show that in T leukemic cells, commensurate with the level of MAT II inhibition, cellular SAMe levels decreased, whereas FasL mRNA and protein expression as well as the DISC assembly involving the recruitment of FADD and procaspase-8 increased. Consequently, inhibition of MAT II led to enhanced processing and activation of pro-caspase-8, which was reflected in the resultant caspase-8 activity. Importantly, our data showed that caspase-8 is the critical initiator of apoptosis in T leukemic cells in response to MAT II inhibition. Additionally, as has been reported for type II cells, the Fas-mediated apoptotic pathway induced in response to MAT II inhibition was observed to be linked to the mitochondrial pathway.
FasL-mediated apoptotic cell death in T cells is mainly regulated by c-FLIP. There are two isoforms of c-FLIP, c-FLIPS and c-FLIPL, both of which can be recruited to liganded Fas [20, 21] . Although the role of c-FLIPL is controversial, c-FLIPS has been shown to be antiapoptotic and confers resistance to Fas-mediated apoptosis by blocking the proteolytic activation of caspase-8 in T lymphocytes [18] [19] [20] [21] [22] [23] . Indeed, studies have shown that c-FLIPS plays a major anti-apoptotic role and prevents Fas-mediated apoptotic death in adult T leukemia and lymphoma cells [18, 23, [31] [32] [33] [34] . Our data showed that MAT II inhibition down-regulates c-FLIPS expression in a dose-dependent manner and reinstates Fas-mediated apoptotic signaling and cell death in T leukemic cells.
Induction of the Fas-mediated apoptotic death in response to MAT II inhibition suggests that the transmethylation pathway regulated by MAT II activity and SAMe biosynthesis plays a critical role in the survival of T leukemic cells. It is possible that DNA methylation events may play a role in suppressing Fas-mediated apoptotic signaling in T leukemic cells. Indeed, DNA hypermethylation has been shown to play a causal role in oncogenesis via the inactivation of the transcription of tumor suppressor genes [35, 36] . Recent reports have shown that transcriptional induction of two critical components of the Fas signaling pathway, namely FasL and caspase-8, can be silenced by DNA hypermethylation in www.cell-research.com | Cell Research Tanvi S Jani et al. 367
npg T leukemic cells [37, 38] . Thus, it is reasonable to hypothesize that reduced levels of the critical methyl donor, SAMe, caused by MAT II inhibition could affect DNA methylation and potentially restore the transcriptional activation of FasL and caspase-8 leading to apoptotic death. This potential epigenetic control of FasL and caspase-8 expression is currently being investigated. Overall, our study indicates that MAT II activity and possibly SAMe-dependent transmethylation can regulate Fas-mediated apoptotic pathways and play a critical role in the survival of human T leukemic cells. Moreover, as MAT II activity is known to be expressed at significantly higher levels in transformed but not in normal quiescent T lymphocytes, our results also suggest that it could be a potential therapeutic target for the induction of Fasmediated apoptotic death in T leukemic cells.
Materials and Methods

Cell culture and treatment
Jurkat (clone E6-1), I 9.2 (caspase-8 mutant of the wild-type Jurkat cell line, clone A3) and MOLT-4 T cells were obtained from ATCC (ATCC, Rockville, MD) and were grown in RPMI 1640 that was supplemented with 10% fetal bovine serum (FBS), 10 U/ml of penicillin and 10 mg/ml of streptomycin, and grown in a 37ºC and 5% CO2 environment. Prior to treatment, the cells were maintained in 1% serum RPMI overnight, after which they were transferred to 10% serum RPMI and were resuspended at a cell density of 1×10 6 cells/ml. 
Reagents
MAT II activity and S-adenosylmethionine (SAMe) levels
MAT II activity was assayed in extracts prepared from cell pellets by three cycles of freeze-thawing, as per the procedure described previously [9] , with minor modifications. MAT activity was assayed by using 20 mM L-Met, 5 mM ATP in 50 mM TES buffer, pH 7.4, 50 mM KCl, 15 mM MgCl2, 0.3 mM EDTA and 4 mM DTT. One unit of MAT activity was defined as the amount of enzyme that catalyzes the formation of 1 nmol of SAMe in 1 h. SAMe catalyzed by MAT II as well as intracellular SAMe levels were assayed by reverse-phase HPLC from deproteinized extracts prepared by using 4% metaphosphoric acid (MPA) as described previously [39] .
Lactate dehydrogenous assay (LDH assay)
Lactate dehydrogenase (LDH) activity was measured at 340 nm, using the LDH enzyme assay kit purchased from Sigma Chemical Co. (St Louis, MO). The data were normalized to UT values, which were set to 1.
Trypan Blue dye exclusion
To measure viability, cells were stained with Trypan Blue dye and then counted by a method described elsewhere [40] . Cell survival was quantified by measuring the number of dye-excluding cells and the values were normalized to UT values, which were set to 100%.
DNA fragmentation ELISA assay
Treated cells were lysed after 6-8 h to measure apoptosis. DNA fragmentation was quantitated by determination of monoand oligonucleosomes present in the cytoplasmic fraction of cell lysates using the cell death ELISA kit (Roche, Indianapolis, IN).
Caspase-activity assay
Cytoplasmic extracts from treated cells were analyzed for caspase-3 activity using the caspase-3 fluorometric assay kit (R&D Systems, Inc., Minneapolis, MN), and caspase-8 activity using the CASPASE-8 colorimetric activity assay kit (Chemicon International, Temecula, CA) as per the manufacturer 's instructions. The data were normalized to UT values, which were set to 1.
Immunoprecipitation (IP) and immunoblot analysis
IP and immunoblot analysis of the CD95 DISC components, including Fas, Fas L, FADD, FLIPg/d, caspase-3 and -8 were performed according to the procedure described earlier [41] .
RNA isolation, RT-PCR and real-time PCR analysis
RT-PCR assays were used to assess FasL and MAT 2A mRNA levels in Jurkat cells. Total RNA was isolated from treated cells after 3 and 6 h, using TRIZOL (Invitrogen, Carlsbad, CA). FasL and MAT 2A mRNA levels were assessed by RT-PCR and real-time PCR as described earlier [41] . The specific primers were designed for human GAPDH, FasL and MAT 2A using Primer3 software program; 18S rRNA primer was purchased from SuperArray Bioscience Corporation (Frederick, MD, USA). The following primers were used in real-time PCR:
hGAPDH-FP: 5′ TGG GCT ACA CTG AGC ACC AG 3′ hGAPDH-RP: 5′ GGG TGT CGC TGT TGA AGT CA 3′ hFasL-FP: 5′ GGC CTG TGT CTC CTT GTG AT 3′ hFasL-RP: 5′TGC CAG CTC CTT CTG TAG GT 3′ hMAT IIA-FP: 5′ACA ATC TAC CAC CTA CAG CCA AGT 3′ hMAT IIA-RP: 5′ GCA TAA GAG ACC TGA ACA AGA ACC 3′
FasL neutralization assay
FasL-dependent cell death was evaluated by a neutralization assay. Briefly, Jurkat cells were treated with cycloleucine and 1 h after treatment the NOK-2 antibody (NOK-2) or the isotype control (IgG) was added to the cells and then harvested after 6 h for DNA fragmentation measurement using the cell death ELISA kit (Roche, Indianapolis, IN). 
Assessment of mitochondrial transmembrane potential (ΔΨm)
In order to monitor changes in the mitochondrial membrane potential (ΔΨm), 1×10 6 Jurkat T cells were treated with increasing concentrations of cycloleucine (40 mM) for 6 h. Changes in mitochondrial ΔΨm were analyzed as described earlier [41] .
MAT2A siRNA transfection
Three different 21-mer Silencer ® pre-designed siRNAs for MAT 2A (GenBank Accession No. NM_005911) and nontargeting siRNA (negative control) were purchased from Ambion (Ambion, Inc., Austin, TX, USA). After a comparative analysis, siRNA with 5′-3′ (sense) GGG UGA UGC UGG UUU GAC Utt and (anti-sense) AGU CAA ACC AGC AUC ACC Ctg, which consistently achieved a 50-70% MAT2A inhibition, was used in all the experiments. Transient transfection was achieved by electroporation with 3 mg of MAT 2A siRNA per 5×10 6 cells, using the Cell Line Nucleofector Kit V for Jurkat Cells (Amaxa Inc., Gaithersburg, MD, USA). Cells were also electroporated using only the transfection reagent, Nucleofector (no siRNA control), and 3 mg of non-targeting siRNA as negative controls.
Statistical analyses
All data are expressed as mean±S.E.M. The data were analyzed by one-way analysis of variance (ANOVA), with the Tukey-Kramer multiple-comparison test for the determination of statistical significance (P value) on the effect of MAT II inhibition and subsequent SAMe depletion on T leukemic cells. Differences were considered statistically significant for P < 0.05.
